Acute cocaine can inhibit catecholamine biosynthesis by regulating the enzymatic activity of tyrosine hydroxylase via alterations in the phosphorylation state of the enzyme. The mechanisms underlying acute cocaine-dependent regulation of tyrosine hydroxylase phosphorylation have not been determined. In this study, 0, 15 or 30 mg/kg cocaine was administered intraperitoneally to rats and the phosphorylation state of tyrosine hydroxylase in the brain was examined using antibodies specific for the phosphorylated forms of serine-19, -31 and -40 in tyrosine hydroxylase. In the caudate and nucleus accumbens, cocaine dose-dependently decreased the levels of phosphorylated serine-19, -31 and -40. In the ventral tegmental area, the levels of phosphorylated serine-19, but not serine-31 and -40, were decreased by 15 and 30 mg/kg cocaine. In the amygdala, the levels of phosphorylated serine-19, but not serine-31 or -40, were decreased. The functional effects of these alterations in phosphorylation state were assessed by measuring tyrosine hydroxylase activity in vivo (accumulation of DOPA after administration of the decarboxylase inhibitor NSD-1015). Acute administration of 30 mg/kg cocaine significantly decreased L-DOPA production in caudate and accumbens but not in amygdala. These data suggest that the phosphorylation of serine-31 or -40, but not serine-19, is involved in the regulation of tyrosine hydroxylase activity by acute cocaine. Keywords: amygdala, caudate, dopamine, nucleus accumbens, ventral tegmental area. Cocaine blocks dopamine (DA) reuptake from the extracellular space by direct inhibition of monoamine transporters in the plasma membrane (Heikkila et al. 1975; Kuhar et al. 1991) . The subsequent increase in extracellular DA levels, particularly in the nucleus accumbens, plays a necessary role in the behavioral effects of cocaine (De Wit and Wise 1977; Roberts et al. 1977; Kelly 1978) . In response to increased extracellular DA levels, acute cocaine dose-dependently inhibits DA synthesis (Galloway 1990) by inhibiting tyrosine hydroxylase (TH), the rate-limiting enzyme in the biosynthesis of DA (Levitt et al. 1965; Udenfriend 1966) . Since the enzymatic activity of TH can be regulated through phosphorylation (Kaufman 1995), alterations in the phosphorylated state of TH may offer a mechanism for the brain to respond to increases in extracellular dopamine levels after acute administration of cocaine.
Cocaine blocks dopamine (DA) reuptake from the extracellular space by direct inhibition of monoamine transporters in the plasma membrane (Heikkila et al. 1975; Kuhar et al. 1991) . The subsequent increase in extracellular DA levels, particularly in the nucleus accumbens, plays a necessary role in the behavioral effects of cocaine (De Wit and Wise 1977; Roberts et al. 1977; Kelly 1978) . In response to increased extracellular DA levels, acute cocaine dose-dependently inhibits DA synthesis (Galloway 1990 ) by inhibiting tyrosine hydroxylase (TH), the rate-limiting enzyme in the biosynthesis of DA (Levitt et al. 1965; Udenfriend 1966) . Since the enzymatic activity of TH can be regulated through phosphorylation (Kaufman 1995) , alterations in the phosphorylated state of TH may offer a mechanism for the brain to respond to increases in extracellular dopamine levels after acute administration of cocaine.
The phosphorylation of TH can be regulated at specific serine residues (serine-19, -31 and -40) within the N-terminal region (Campbell et al. 1986; Haycock 1990) . Although serine-8 can also be phosphorylated, it appears devoid of regulation by any in vivo signal transduction mechanism (Haycock 1990; Haycock and Haycock 1991) . Serine-19 is phosphorylated by Ca 2+ /calmodulin-dependent protein kinase II (CaMK-II) in TH from rat pheochromocytoma cells (Campbell et al. 1986 ). Mitogen-activated protein kinaseactivated protein kinases 1 and 2 (MAPKAP kinase 1 and 2) can also phosphorylate serine-19 in vitro (Sutherland et al. 1993) and in chromaffin cells (Thomas et al. 1997) , but this has not been demonstrated in brain. Serine-31 is phosphorylated by extracellular signal-regulated protein kinases, ERK 1 and 2 (Haycock et al. 1992) . Although Ca 2+ and phospholipid-dependent protein kinase (PKC) can phosphorylate and activate TH in vitro (Albert et al. 1984) , studies in PC12 cells demonstrate only an indirect action of PKC on TH phosphorylation through activation of ERK 1 and 2 (Haycock et al. 1992) . Serine-40 can be phosphorylated in vitro by cyclic AMP-dependent protein kinase (PKA), CaMK-II, PKC and numerous other protein kinases (cf. Kumer and Vrana 1996) . However, PKA is the only kinase shown directly to phosphorylate serine-40 in vivo (Haycock 1996) .
No studies have examined the acute effects of psychostimulants, such as cocaine, on the phosphorylation of specific serine residues in TH and the corresponding effects on enzymatic activity. The complex interconnectivity and variety of feedback mechanisms in the brain make it necessary to examine cocaine-induced regulation of TH phosphorylation and enzyme activity in intact brains. In the present study, we examined the effects of acute cocaine administration on TH activity in vivo and the associated levels of serine-19, -31 and -40 phosphorylation in caudate, nucleus accumbens, amygdala and ventral tegmental area. These brain regions have been identified as important neural substrates for the behavioral effects of cocaine.
Materials and methods

Animals
Male Sprague-Dawley rats (320-395 g; Charles River, Wilmington, MA, USA) were housed two per cage with access to food and water ad libitum. The experiments were performed in accordance with the Animal Care and Use Committee of the National Institute of Drug Abuse (NIDA).
Experimental design
For the time course experiment, rats were killed 0, 15, 40 or 120 min after an intraperitoneal injection of 30 mg/kg of cocaine HCl (NIDA). NSD-1015 was not used for the time course experiment. Rats killed at 0 min did not receive an injection of cocaine; they were killed immediately after removing them from their cages. For the dose-dependent experiment, rats were killed 40 min after intraperitoneal injection of 0, 15 or 30 mg/kg cocaine HCl. For the dose-dependent experiment only, 100 mg/kg NSD 1015 was administered intraperitoneally 5 min following the acute injections of cocaine. The rats were decapitated and the brains were removed and quickly frozen in ) 40°C isopentane within 50 s of decapitation. The brains were kept at ) 80°C until further processing.
Sample preparation
Tissue punches of the caudate (12 gauge), nucleus accumbens (14 gauge), amygdala (12 gauge) and ventral tegmental area (15 gauge) were obtained from approximately one millimeter thick coronal sections cut in a Reichert-Jung 2800 Frigocut E cryostat at ) 20°C. Tissue punches were kept frozen at all times until homogenization.
The time course samples were sonicated in 1% sodium dodecyl sulfate (SDS) while the dose-dependent samples were sonicated in homogenization buffer (20 mM Tris-HCl, pH 7.4, 0.1% Triton X-100, 1 lM microcystin-LR, 25 mM NaF and 1/2 tablet/50 mL of Complete Mini peptidase inhibitors from Boehringer-Mannheim). The homogenized samples for the dose-dependent experiment were centrifuged at 20 800 g for 30 min at 4°C and the pellets were discarded. Aliquots (one-half volume) of these supernatants were mixed with SDS to a final concentration of 1% SDS and resonicated. The remaining one-half volume was kept frozen for determination of DOPA levels. Protein concentrations were determined using the bicinchoninic acid assay (BCA) (Pierce Chemical Company; Rockford, IL, USA). The SDS-solubilized samples were further diluted with 1% SDS to equalize protein concentrations.
Western blot assays
Samples were subjected to SDS-polyacrylamide gel electrophoresis (10% acrylamide/0.27% N,N¢-methylenebisacrylamide resolving gel) for 3 h at 150 V. The amount of protein loaded was as follows: caudate (7.5-15 lg), nucleus accumbens (5-7.5 lg), amygdala (7.5-40 lg) and ventral tegmental area (1-1.5 lg). Samples were transferred electrophoretically to Immobilon-P transfer membranes (Millipore) at 0.3 A for 2 h. Membranes were washed 4 · 15 min in blocking buffers that were found in preliminary studies to be optimal the different primary antibodies: phosphoserine-19 and total TH blots, 2% non-fat dry milk in PBST (phosphate-buffered saline plus 0.05% Tween-20); phosphoserine-31 and -40 blots, 1% polyvinylpyrrolidone in PBST. Membranes were then incubated overnight at 4°C with primary antibody (anti-pan-TH, 1 : 10 000 dilution (Diasorin; Stillwater, MN, USA); anti-phosphoserine-19, 0.3 lg/mL; anti-phosphoserine-31, 0.2 lg/mL; anti-phosphoserine-40, 0.3 lg/mL) diluted in its respective blocking buffer plus 0.05% sodium azide.
After 4 · 15 min washes in blocking buffer, the blots were incubated for 2 h with horseradish peroxidase-conjugated secondary antibody in blocking buffer (1 : 2000 goat anti-rabbit IgG (PI-1000; Vector Laboratories) for phosphorylated serine-19, -31 and -40; 1 : 2000 horse anti-mouse IgG (PI-2000; Vector Laboratories) for total (TH) at room temperature (20°C). Finally, the blots were washed 6 · 10 min in PBST and developed for 60 s using the enhanced chemiluminescence (ECL) procedure of Amersham Pharmacia Biotech. The level of luminescence emitted from each band within a set area was detected using the Fluor-S TM MultiImager (Biorad) or Hyperfilm ECL (Amersham Pharmacia Biotech). QUANTITY ONE, Version 4.0.3 software (Biorad; Hercules, CA, USA) was used to quantify the luminescence and density of bands. The pixel volumes obtained from the test samples were compared to the pixel volumes obtained from a standard curve prepared from saline-treated rats to ensure detection was in the dynamic working range. Sample values were interpolated from the standard curves and normalized to total TH to ensure accurate quantitation of relative levels of phosphorylation at each site.
DOPA measurements
Twenty microliters of 0.2 N perchloric acid was added to 100 lL of the supernatants kept in homogenization buffer without the addition of SDS. The mixture was vortexed and centrifuged at 10 000 g for 10 min, after which the sample was filtered and centrifuged again at 10 000 g for 10 min DOPA levels were analyzed using reverse-phase HPLC and electrochemical detection (Kalivas et al. 1988 ).
Statistical analysis
All data from each experiment were subjected to one-way analysis of variance (ANOVA). If statistical significance was indicated by the ANOVA, then post hoc comparisons between groups were performed using Fisher's protected least significant difference (PLSD) test. Differences having p < 0.05 were considered statistically significant.
Results
Western blots of total TH and phosphorylated serine sites Total TH (not shown) and phosphoserine-19 and -31 immunoreactivities appeared as single bands corresponding to molecular masses of approximately 60 kDa (Fig. 1) . Although additional upper bands were apparent in the western blots of phosphoserine-40, the lowest band in these blots comigrated with total TH. The amount of protein in the test samples was selected to be in the dynamic working range for each antibody and each brain region. In all of our experiments, acute administration of cocaine did not alter the levels of total TH in the accumbens, caudate, amygdala or ventral tegmental area (data not shown). Thus, the data for site-specific phosphorylation of TH were nearly identical whether normalized to total protein or total TH. We express phosphorylation levels as the ratios of phosphoserine-19, -31 or -40 to total TH because the ratios more accurately represent phosphorylation states and account for variability in total TH among tissue punches within a given brain region and for experimental variance inherent in protein determinations.
Time course for the phosphorylation of TH The regulation of phosphorylation was examined at 0, 15, 40 or 120 min after 30 mg/kg cocaine administration. No significant differences were observed between control rats (0 minute time point) and saline rats with respect to phosphorylation at each serine site over the 2 h time course. In the caudate and accumbens, the levels of phosphoserine-19 and -40 were significantly decreased at 15 and 40 min, while phosphoserine-31 levels were decreased at 15, 40 and 120 min after cocaine administration (Fig. 2) . Representative images of western blots with increasing amounts of protein loaded onto the electrophoresis gels to produce the standard curves used for quantifying the relative levels of phosphorylated serine. Effects of cocaine on TH phosphorylation TH phosphorylation was examined at 40 min after administration of 0, 15 or 30 mg/kg cocaine. In the caudate and accumbens, 15 and 30 mg/kg of cocaine decreased the levels of phosphoserine-19, -31 and -40 (Fig. 3) . In the amygdala, 15 and 30 mg/kg cocaine decreased the levels of phosphoserine-19 but not phosphoserine-31 or -40 (Fig. 3) . In the ventral tegmental area, 15 and 30 mg/kg of cocaine decreased the levels of phosphoserine-19 but not phosphoserine-31 or -40 (Fig. 3) .
Effects of cocaine on TH activity measured by DOPA accumulation In vivo TH activity was assayed in the same rats used for the dose-response experiment by coadministration of NSD 1015 and measuring the DOPA accumulated in each brain region. TH activity rates in rats that received saline control injections were 2.2 ± 0.4 fmol/min/mg protein in caudate, 2.8 ± 0.4 fmol/min/mg protein in accumbens and 1.3 ± 0.1 fmol/min/mg protein in amygdala. In the caudate and accumbens, 30 mg/kg cocaine decreased DOPA accumulation while 15 mg/kg cocaine did not produce a statistically significant effect (Fig. 4) . In the amygdala, no statistically significant differences in DOPA accumulation were observed after cocaine administration. DOPA accumulation was not measured in the VTA.
Discussion
TH activity and site-specific phosphorylation in caudate In the caudate, acute cocaine administration significantly decreased TH activity and the phosphorylation state of all three sites (serine-19, -31 and -40). The cocaine-induced decrease in TH phosphorylation helps to explain the previously observed dose-dependent inhibition of DA synthesis (Galloway 1990 ) and the general inhibition of DA production (Baumann et al. 1993) after acute cocaine administration. Administration of 30 mg/kg of cocaine produced a statistically significant decrease in TH activity in the caudate which corresponded with significant decreases in TH phosphorylation. Although 15 mg/kg of cocaine did not have a statistically significant effect on apparent TH activity in this brain region, there did appear to be a trend towards decreased activity. This discrepancy between TH activity and TH phosphorylation 40 min following administration of 15 mg/kg of cocaine may be due in part to the early time point chosen for assaying DOPA accumulation. Although 40 min appears optimal for observing decreases in TH phosphorylation, previous experiments indicate that a later time point of 60 min is optimal for observing decreased DOPA accumulation (Galloway 1990) . If the time course for decreased TH phosphorylation is slower for 15 mg/kg of cocaine than for 30 mg/kg cocaine, then 40 min may simply be insufficient time for significant differences in DOPA to accumulate following administration of 15 mg/kg of cocaine.
Serine-19 is presumably phosphorylated in the brain by CaMK-II, which is activated by calcium influx into presynaptic terminals during depolarization (Ouimet et al. 1984; Gorelick et al. 1988) , but a role for serine-19 phosphorylation in directly regulating TH activity has proven elusive. A direct role for serine-19 phosphorylation in regulating TH activity is not supported by either the present data (see below) or numerous other studies (Lindgren et al. 2000; Haycock et al. 1998; Lew et al. 1998) . Nevertheless, serine-19 phosphorylation may prove useful as an endogenous marker of CaMK-II activity and electrical activity within presynaptic DA terminals of intact rats. In the case of acute cocaine, decreased serine-19 phosphorylation suggests decreased activity in presynaptic terminals as a result of either increased activation of D2 autoreceptors on DA terminals or cocaine-dependent inhibition of DA neuronal activity in the substantia nigra (Diana et al. 1991) due to activation of DA autoreceptors in the nigra and inhibitory feedback from medium spiny neurons in the caudate.
Several recent studies suggest that serine-31 phosphorylation is important to the regulation of TH activity in caudate as well as other catecholaminergic cells. Serine-31 is phosphorylated by ERK 1 and 2 (Haycock et al. 1992; Sutherland et al. 1993) , and inhibition of ERK activity decreases basal and depolarization-stimulated TH activity in bovine chromaffin cells (Griffiths and Marley 2001) , in PC12 cells (Salvatore et al. 2001) and in caudate slices (Lindgren et al. 2002) . In fact, serine-31 phosphorylation was found to be solely responsible for depolarization-dependent increases in DOPA biosynthesis in PC12 cells (Salvatore et al. 2001) . In the case of acute cocaine, decreased serine-31 phosphorylation in caudate suggests decreased ERK activity within presynaptic DA terminals, possibly in response to decreased presynaptic terminal activity. In the present studies, however, it is not possible to distinguish its role from that of serine-40 phosphorylation in decreasing DOPA accumulation. The phosphorylation of serine-31, but not serine-40, was decreased 120 min following acute cocaine. This could be exploited in future studies to distinguish the separate roles of serine-31 versus serine-40 phosphorylation in regulating TH activity in the brain.
Decreased phosphorylation of serine-40 seems likely to have contributed to our observed decrease of TH activity in caudate. In intact rats, nigrostriatal transection or administration of gamma-hydroxybutyrolactone increased TH activity in the caudate three-fold, accompanied with a large increase in serine-40 phosphorylation; reversal of this effect with N-propyladenosine decreased both TH activity and serine-40 phosphorylation . In striatal slices, activation of D2 autoreceptors with quinpirole reduced the phosphorylation of serine-40, but not serine-19 or -31, with a corresponding decrease in TH activity (Lindgren et al. 2001) . In rat striatal synaptosomes and slice preparations, all PKA activating substances, such as forskolin, 8-bromocAMP or dibutyryl-cAMP, increased phosphorylation of serine-40, but not serine-19 or -31 (Haycock and Haycock 1991; Lindgren et al. 2000 Lindgren et al. , 2001 . In the case of acute cocaine, decreased serine-40 phosphorylation in caudate suggests decreased PKA activity within presynaptic DA terminals due to increased activation of D2 autoreceptors.
TH activity and serine phosphorylation in nucleus accumbens
Our results for acute cocaine regulation of TH activity and phosphorylation in the accumbens were nearly identical to that in caudate. Our observed decrease in TH activity agrees with previous studies demonstrating decreased TH activity (Galloway 1990 ) and overall DA synthesis in accumbens (Baumann et al. 1993) . There have been far fewer studies of the regulation of TH phosphorylation and enzyme activity in accumbens compared to that in caudate. However, the similar results obtained for TH phosphorylation in accumbens and caudate in our study support the previous in vivo observations of Salvatore et al. (2000) that haloperidol increases site-specific phosphorylation of TH in both brain regions. Similar to the agonist effects of cocaine in our study, direct activation of D2 autoreceptors by apomorphine and quinpirole has been shown to decrease TH activity in the accumbens (Heidbreder and Baumann 2001) .
TH activity and serine phosphorylation in VTA Although we did not measure DOPA accumulation in the VTA, previous studies have demonstrated that TH activity in the VTA is not regulated by acute cocaine (Baumann et al. 1993) . The decrease in serine-19 phosphorylation without corresponding alterations in either serine-31 or -40 phosphorylation further support the lack of direct involvement of serine-19 phosphorylation in the regulation of TH activity in vivo. These data also agree with the observation that TH phosphorylation is less responsive to haloperidol administration in cell body versus terminal field regions (Salvatore et al. 2000) . However, unlike in the previous study, serine-19 phosphorylation was significantly affected by cocaine, and the decreased serine-19 phosphorylation suggests that cocaine decreases electrical activity of DA neurons in this brain region. The decrease in electrical activity is likely due to GABAergic feedback from activated medium spiny neurons in the accumbens (Einhorn et al. 1988; Kohl et al. 1998; Rahman and McBride 2000) .
TH activity and serine phosphorylation in amygdala
No alterations in TH activity in the amygdala were detected after acute cocaine. This data conflicts with Baumann et al. (1993) who reported decreases in DOPA accumulation in the basolateral amygdala (BLA). However, we dissected the entire amygdala region which might have diluted any effects in the BLA. Given the observed decreases in serine-19 phosphorylation without concomitant decreases in serine-31 or -40 phosphorylation, our data further supports the lack of direct involvement of serine-19 phosphorylation in the regulation of TH activity in vivo. Decreased phosphorylation of serine-19 suggests decreased electrical activity of presynaptic DA terminals in this brain region following acute cocaine administration.
Conclusion
Decreases in serine-19 phosphorylation levels after acute cocaine were evident in the caudate, accumbens, VTA and amygdala whether TH activity was altered or not. These results suggest that the phosphorylation of serine-19 is not directly involved in regulating TH activity. The regulation of serine-31 in our study correlated with TH activity in all brain regions. Similarly, the regulation of serine-40 phosphorylation by acute cocaine also correlated with the regulation of TH activity in all brain regions. These data support the importance of serine-31 and -40 phosphorylation as a mechanism for regulating TH activity in the intact brain and demonstrate their involvement in the acute affects of cocaine.
